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Metabolomics is recognized as a powerful top-down system biological approach to understand genetic-environment-health paradigms
paving new avenues to identify clinically relevant biomarkers. It is nowadays commonly used in clinical applications shedding new light
on physiological regulatory processes of complex mammalian systems with regard to disease aetiology, diagnostic stratification and,
potentially, mechanism of action of therapeutic solutions. A key feature of metabolomics lies in its ability to underpin the complex
metabolic interactions of the host with its commensal microbial partners providing a new way to define individual and population
phenotypes. This review aims at describing recent applications of metabolomics in clinical fields with insight into diseases,
diagnostics/monitoring and improvement of homeostatic metabolic regulation.

The metabolome and state of the
art technologies for metabolomic
analysis

The metabolome refers to the complete set of small mol-
ecule metabolites (such as metabolic intermediates, hor-
mones and other signalling molecules and secondary
metabolites) to be found within a biological sample. While
the first draft of the human metabolome has been com-
pleted, cataloging approximately 2500 metabolites, 1200
drugs and 3500 food components found in the human
body [1], it is difficult today to estimate fully the exact
number of metabolites in our metabolome considering, for
example, the vastly unknown metabolites arising from
mammalian gut microfora metabolic cross-talks.

Metabolomics is mainly based on the quantitative
measurement of dynamic metabolic changes of living
systems in response to genetic modifications or physi-
ological stimuli, including nutrients and drugs [2]. By the
global study of low molecular weight metabolites
(<1500 Da) in biofluids (plasma/serum and urine) [3, 4] and
tissues [5], metabolomics assures the characterization
of an individual metabolic phenotype. Metabolomics
employs mainly two analytical techniques based on
proton nuclear magnetic resonance (1H NMR) spectros-
copy and mass spectrometry coupled to either gas (GC-

MS) or liquid chromatography (LC-MS). Metabolomics is a
high throughput strategy where hundreds of samples can
be analyzed per day or week, depending on the analytical
instrument. Although instruments are expensive, costs per
sample are relatively low and so large scale population
experiments are achievable. NMR spectroscopy offers the
unique prospect to profile holistically hundreds of
metabolites with no a priori selection. Because NMR is
based on the fact that nuclei such as 1H, 13C and 31P can
exist at different energy levels in a strong magnetic field
because they possess nuclear spin, it can generate valu-
able structural information. Interestingly, this technique is
not only used for the profiling of biological fluids (liquid
state NMR), but it is also today commonly employed for the
study of metabolic profiling of intact tissue biopsies, using
high resolution magic angle spinning NMR (HR-MAS) [6].
MS methods are also commonly employed for global and
targeted profiling and are inherently more sensitive, but
require a more comprehensive sample preparation [7, 8]
with separation of the metabolite components using
either GC or LC. Moreover, in order to elucidate better
molecular mechanisms that involve the disruption of lipid
metabolic pathways, the field of lipidomics has also rapidly
emerged. Lipidomics can be achieved by either a compre-
hensive measurement of the lipidome, i.e. the complete set
of biological lipids, from a single analysis in a non-targeted

British Journal of Clinical
Pharmacology

DOI:10.1111/j.1365-2125.2012.04216.x

Br J Clin Pharmacol / 75:3 / 619–629 / 619© 2012 Nestec Ltd
British Journal of Clinical Pharmacology © 2012 The British Pharmacological Society



profiling way (shotgun approach) [9], or alternatively, lipids
can be separated before selective detection using LC-MS
methods [10].Lipidomics and metabolomics are then com-
prehensively used to generate multivariate datasets, from
which meaningful biological information is recovered
using advanced statistical tools [11–13].

Metabolomics opens new windows
into the complex metabolic
networks of mammalian organisms

Because specific physiological states, gene expression and
environmental stressors can cause changes in the steady-
state of a biological system, monitoring the resulting meta-
bolic variations provides unique insights into intra- and
extra-cellular regulatory processes involved in metabolic
homeostasis. The obtained metabolic profiles also encap-
sulate information on the metabolic activity of the gut
microbiota that co-evolved with complex organisms, and
which represents a major determinant in nutrition and
health. One of the first studies that applied metabolomic
approaches in human nutritional experiments was
directed to monitor the effects of supplementing the diet
with soy isoflavones [14]. Clear differences in the plasma
lipoprotein, amino acid and carbohydrate profiles were
observed following dietary soy intervention, indicating an
alteration in energy metabolism. More recently, nutrime-
tabolomic studies have shown that specific dietary-
associated metabolic phenotypes, or metabotypes, in both
human basal metabolism and gut microbiota activity, are
closely related to specific individual dietary preferences
[15–17]. Metabolic profiling of urine revealed in particular
that ‘chocolate likers’, i.e. stated for people consuming
chocolate on a regular basis, have a specific energy
metabolism and harboured distinct gut microbiota meta-
bolic activities, thus anticipating possible long term health
consequences. Most recently, to reveal the effects of diet
on health, proline betaine was discerned as a putative
biomarker of citrus consumption in free living individuals
[18]. Such biomarkers were cross validated across a large
scale epidemiology study. Clearly investigation of the food
metabolome in biofluids has great potential to display the
dietary intake of individuals, possibly reducing the current
subjective dietary records. Yet, food-induced metabolic
reactions are not only the end results of complex interac-
tions among many bioactives, but also vary greatly among
individuals as differences in endogenous factors such as
diet, stress, age, environment, genetics, lifestyle and gut
microbiota strongly pre-determine individual metabolic
responses. In particular, recent advances in cellular and
molecular biology have provided compelling evidence
that the intestinal microbiota contribution to the overall
health status of the host has been underestimated so far.
Both system wide (i.e. whole organism) and organ-specific
changes in metabolic profiles may have components

driven by gut microbial activities [19].The current metabo-
lomic revolution offers an unprecedented opportunity to
identify the molecular foundations of these relationships
so that we can understand how commensal partners con-
tribute to our normal physiology and how they can be
exploited to develop new therapeutic and nutritional strat-
egies. Recent applications of top-down system biology
approaches revealed the depth and width of the long
range effects of the gut microbiota in complex organisms,
resulting in modulation of host lipid, carbohydrate and
amino acid metabolism at a panorganismal scale [19–21].
Wikoff et al. provided additional evidence that the specific
metabolic activities of gut bacterial species can provide
the host with new biochemical compounds in sufficient
amounts to be detected in the systemic blood stream [22].
Martin et al. exemplified how the gut microbial modula-
tion of the gastrointestinal system [23] and extensive
microbial-mammalian co-metabolism may impact on host
main metabolic processes and may induce metabolic
deregulations [24]. In this case, gut bacteria can exert
modulation over the host metabolism via reprocessing of
signalling molecules such as bile acids. As such, bile acids
may be an example of a transgenomic mechanism of
quorum sensing [25], whereby microbial cells communi-
cate with each other and disperse their metabolic func-
tions thus behaving like a multi-cellular organism [24].
Together, these studies suggest that controlling the
dynamics of the gut microbiome to maintain or
re-establish a balanced and well-adapted microbiota could
help in preventing some microbial-associated metabolic
disorders, such as insulin resistance and hepato-
gastrointestinal diseases.

Clinical applications of
metabolomics

Gastrointestinal disease
The intestinal tract is one of the most important organism-
environment interfaces along which gut microbial species
and their relative metabolic processes differ from the
stomach to the colon and subsequently shape regio-
specifically the surrounding and distant host cell meta-
bolic pathways [26]. Metabolomics provides novel insights
to understand and explore the regulation of the digestion
and absorption of dietary products in the gastrointestinal
tract [11, 23]. For example, it is possible to identify different
topographical regions of the intestine, characteristic for
their structure and function, through specific metabolic
profiles [23]. Similar regio-specific metabolic variations
were described in different mammalian models, in relation
to compartment structure and function, including energy
metabolism, osmoregulation, gut microbial activity and
protection against oxidative stress. There is increasing
awareness that the influence of the gut microorganisms
might be more important in the progression of human
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diseases than was previously suspected [27]. It is indeed of
main concern in the aetiology and/or maintenance of gut
dysfunctions, such as irritable bowel syndrome (IBS) [28] or
inflammatory bowel diseases (IBD) [29]. The clinically
defined and idiopathic forms of IBD, encompassing ulcer-
ative colitis (UC) and Crohn’s disease (CD), are spontane-
ously relapsing and immunologically-mediated chronic
disorders of the gastrointestinal tract [29, 30]. Both mani-
festations are mediated by common and distinct mecha-
nisms influenced by multiple genetic susceptibilities and
environmental factors. There is increasing awareness in
gastrointestinal science of the prognostic, diagnostic and
monitoring potential of metabolomics, as well as the
opportunity to provide new insights into IBD pathogenesis
[31].

Winterkamp et al. reported previously how N-
methylhistamine, a key metabolite in mast cell metabolism
involved in IBD pathogenesis,could be used as an indicator
of disease activity in patients [32]. The authors reported
how urinary excretion of this metabolite was enhanced in
IBD, and could be used to diagnose UC and CD while pro-
viding a way to monitor pathological progression. Metabo-
lomics was also proven to be a valuable diagnostic tool to
differentiate active and quiescent UC, as per the analysis of
intact gut biopsies and colonocytes [33]. Recently, Le Gall
et al. described through metabolomics analysis of faecal
extracts combined with microbial profiling the alteration
of both population and metabolic activity of the gut
microbiota in UC and IBS [34]. The authors followed up a
population of healthy controls, IBS and UC patients over a
4 year period. NMR-based metabolomics provided good
classification of UC against controls, but could not robustly
discriminate IBS pathology.Whereas the faecal excretion of
amino and short chain fatty acids (SCFAs) remained stable
across the groups, strong differences were detected in the
content of taurine, cadaverine, bile acids and branched
chain fatty acids. The difference in the metabolic profiles
observed in faecal waters of UC and healthy controls was
correlated with compositional differences of the gut
microbiota, and demonstrated relationships between the
disease state and the processing of dietary lipids. This
approach was also successfully employed to provide
insight into the molecular processes associated to the
development of UC, using blood plasma [35] or urine [36]
analysis, the latter revealing a possible contribution of gut
microbiota via methylamine metabolism. In addition, Wil-
liams et al. demonstrated how urinary metabolic profiling
could be employed to distinguish CD from UC, which is
critical for disease management [37]. Intriguingly, it is the
concentrations of gut microbial co-metabolites that were
among the strongest discriminant metabolites, namely
hippurate, 4-cresol sulphate and formate. In CD, UC and
controls, there is a gradual decrease in the concentration
of aromatic metabolites, whilst formate gradually
increased. The monitoring of the faecal metabolome may
also unravel diagnostic information for IBD [38]. The

faecal extracts of patients with both CD and UC were dis-
criminated by reduced concentrations of SCFAs and
methylamines, increased concentrations of most amino
acids, reflecting intestinal malabsorption, protein enter-
opathy loss, and different gut microbial metabolic activi-
ties. Interestingly, this study could differentiate samples
from CD and UC subjects, with metabolic changes being
more marked in the CD group, as noted by high concen-
trations of glycerol. Janson et al. also illustrated the poten-
tial of ion cyclotron resonance fourier transform mass
spectrometry (ICR-FT/MS) to determine the contribution
of metabolites produced by the gut microbiota in disease
status via faecal monitoring [39]. Biochemical pathways
involved in the metabolism and/or synthesis of amino
acids, fatty acids, bile acids and arachidonic acid were also
highlighted in patients with colonic and ileal CD. Hong
et al. reported the use of faecal metabolomics to assess
the effects of lactic acid probiotic in a mouse model of
acute colitis induced with dextran sulfate sodium (DSS).
DSS treatment was associated with a significant decrease
of several amino acids, as well as butyrate, uracil and
hypoxanthine. These changes were correlated with
increases of monosaccharides, glucose and trimethy-
lamine in the faeces. Histological damage, myeloperoxi-
dase activity and malondialdehyde content of colon
tissue were reduced, whereas colon length increased in
mice supplemented with the probiotics. The probiotic
preventive treatment resulted in increased concentra-
tions of acetate, butyrate and glutamine and decreased
concentrations of trimethylamine concomitant with the
protective effects against DSS-induced colitis, which
suggests the modulation of the gut microbiota is of
importance.

However, most of the studies describe metabolic phe-
notypes at an advanced disease state when symptoms can
already be diagnosed by endoscopy. Recently, Martin et al.
monitored metabolic alterations in plasma of IL10-/- mice
before and during the development of the disease, which
might help to define early IBD biomarkers [35].The major-
ity of studies have focused on UC in different animal
models by exploring plasma [40], urine [40–42] and biop-
sies [43, 44]. Recently, Baur et al. monitored the gradual
development of CD-like ileitis on the local metabolism
taking advantage of the TNFDARE/WT mouse model [45]. The
authors employed non-targeted 1H NMR spectroscopy and
targeted LC-MS based metabolic profiling techniques in
combination with a histological and phenotypic analysis
to characterize site specific and systemic metabolic signa-
tures during the development of CD-like ileitis. These
results describe different biological processes associated
with the disease onset, including modifications of the
general cell membrane composition (phospholipids), alter-
ation of energy homeostasis (faecal energy loss, liver lipids,
amino acids and carbohydrates) and finally the generation
of inflammatory lipid mediators (eicosanoids and cytok-
ines in the ileum).
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Moreover, another major functional digestive disorder
affecting around 20% of the industrialized adult popula-
tion is IBS [46]. IBS generally involves abdominal pain and
bowel habit disturbance, with changes in stool frequency
and consistency. The aetiology, although multi-factorial in
origin, remains largely undefined. Factors implicated in the
onset and development of IBS include perturbation of the
gut microbiota precipitated by infection, diet and genetic
predisposition [47, 48]. Nevertheless, it is not clear whether
the altered microbiota is a cause or a consequence of the
gut dysfunction. Martin et al. employed NMR-based
metabolomics of plasma, jejunal wall and myenteric
plexus-longitudinal muscle tissues collected from a post-
infective IBS model to assess molecular changes in relation
to the disease and nutritional interventions [49]. Post-
infective IBS was associated with a modification of energy
homeostatic loss due to intestinal muscular hyper-
contractility, as noted with changes in metabolic interme-
diates, lipid and amino acid metabolism. In addition, the
jejunal wall tissues showed alterations of the concentra-
tions of gut microbiota-related (acetate, choline and
ethanol) metabolites in IBS. Metabolomics confirmed the
role of L. paracasei probiotic supplementation in normaliz-
ing the muscular activity and the disturbed energy
metabolism as evidenced by decreased glycogenesis and
elevated lipid breakdown. The development of mucosal
inflammation and immune activation in IBS is reckoned as
multifactorial, and seemingly implicates complex interac-
tions of genetic, biological, sociocultural and environmen-
tal determinants. Among them, the role of psychosocial
stress is a key factor in the pathophysiology of IBS. A global
view of the metabolic events associated with background
stress and its potential influence on the response to novel
incoming stress was recently captured in healthy subjects
[50]. Stress leads to significant perturbations in gut perme-
ability and energy metabolism. Baseline stress was shown
to be reflected in the metabolic profile and cold-stress
application increased lumen-to-blood passage of small
molecules in the gut, indicating energy homeostasis dis-
ruption. Moreover, concentrations of ketone bodies,
Krebs’s cycle intermediates, glucose and glucogenic amino
acids were consistently modulated before and after cold
stress applications.

Finally, Bertini et al. also demonstrated that combinato-
rial metabolomic analysis of blood sera and urine could
help further the understanding of coeliac disease [51]. The
authors highlighted major urinary changes in gut micro-
bial co-metabolites that may be associated with aberrant
microbiota previously characterized in the small bowel of
subjects suffering from coeliac disease [52].

Metabolic syndrome and related
cardiometabolic disorders
The continuously increasing prevalence of obesity in many
countries around the world is strongly linked to the pro-
jected pandemic of type 2 diabetes (T2D) and its cardio-

vascular complications [53, 54]. However, there are many
individuals under the same obesogenic and diabetogenic
environments who remain metabolically healthy. Recently,
Newgard et al. have studied metabolic, endocrine, inflam-
matory and physiologic differences between obese and
lean subjects, and reported a branched-chain amino acid
(BCAA) related metabolic signature contributing to insulin
resistance [55]. Suhre et al. recently reported the outcomes
from a multiplatform metabolomic analysis of an epide-
miological study on diabetes in which diabetes-related
complications could be detected already under sub-
clinical conditions in a general German population [56]. In
addition to previously reported T2D biomarkers, including
sugar metabolites, ketone bodies and BCAA, metabolites
resulting from perturbations of metabolic pathways linked
to kidney dysfunction (3-indoxyl sulfate), lipid metabolism
(glycerophospholipids, free fatty acids) and bile acid
metabolism were reported. Additional metabolomic investi-
gations suggested that the catabolism of BCAAs was tightly
intertwined with the levels of insulin resistance,whilst greater
concentrations of BCAAs were detected in the obese and
insulin resistance phenotype [57, 58]. Several by-products
of BCAA catabolism, such as glutamate, a-ketoglutarate,
propionylcarnitine, a-methylbutyryl and isovalerylcar-
nitines showed a very strong contribution to the metabolic
signature for obesity and insulin resistance phenotype.The
authors further tested their hypothesis by supplementing
BCAAs in a diet induced obesity rat model. However,
whilst having reduced food intake and weight gain, no
improvement of the insulin resistance levels was detected.
Very recently, blood plasma profiling was successfully
employed to provide predictive markers for the develop-
ment of diabetes in prospective human studies [59, 60]. In
a first report, five branched-chain, aromatic amino acids
were strongly associated with insulin resistance, namely
isoleucine, leucine, valine, tyrosine and phenylalanine. The
authors demonstrated that a combination of three amino
acids (isoleucine, phenylalanine, tyrosine) could predict
future diabetes (>5-fold higher risk for individuals in top
quartile) [60]. Together these key findings demonstrate a
critical role of BCAA metabolism in the early onset of
insulin resistance and T2D development. In a second
report, the authors evaluated the specific inter-
relationships between dyslipidaemia and the develop-
ment of insulin resistance [59]. Interestingly, this work
reported how lipids of lower carbon number and double
bond content were associated with an increased risk of
T2D, unlike higher carbon number and double bond
content lipids [59]. In particular, a combination of two tria-
cylglycerols further improved diabetes prediction and
could aid in clinical risk assessment. Several studies also
investigated the interactions between lifestyle, diet and
metabolic disorders associated with insulin resistance. In
particular, Huffman et al. explored the impact of exercise
training on insulin sensitivity in combination with
monitoring of circulating concentrations of metabolic
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intermediates, hormones and inflammatory mediators.
Improvement in insulin sensitivity was associated with
reduced levels of fatty acid oxidation by-products and
increased concentrations in glycine and proline [61]. More-
over, metabolomics was also employed to decipher indica-
tors of early onset of pre-diabetes status. Zhao et al.
investigated the blood plasma composition in normal and
impaired glucose tolerance populations, and demon-
strated that pre-diabetes was associated with alterations in
fatty acid, tryptophan, uric acid, bile acid and gut microbial
metabolism. In parallel, a great amount of knowledge was
also consolidated in the field of type 1 diabetes (T1D), with
patients also showing a variety of metabolic abnormalities
including hyperglycaemia, ketogenesis and muscle pro-
teolysis [62]. Lanza et al. analyzed plasma from T1D
humans during insulin treatment and acute insulin depri-
vation [62] and provided additional evidence on the
disease aetiology including protein synthesis and break-
down, gluconeogenesis, ketogenesis, amino acid oxida-
tion, mitochondrial bioenergetics and oxidative stress.
There is increasing evidence that the specific metabolic
disturbances preceding b-cell autoimmunity in humans
are of relevance for preventive medicine and potential
prognosis of children who subsequently progress to type 1
diabetes [63–65]. In a series of studies, the specificity of the
pre-autoimmune metabolic changes was tested both in
non-obese pre-diabetic mouse models and in prospective
human cohorts [63–65]. Of particular interest is the obser-
vation that autoimmune diabetes is preceded by a state of
increased metabolic demands from the islets resulting in
elevated insulin secretion and suggest alternative meta-
bolic related pathways as therapeutic targets to prevent
diabetes.

Non-alcoholic fatty liver disease (NAFLD) is increasingly
considered as a main pathological determinant in various
metabolic deregulations such as obesity, insulin resistance,
hypertension, dyslipidaemia and cardiovascular disease
(CVD) [66, 67]. NAFLD is characterized by fatty acid infiltra-
tion in the liver in the absence of alcohol abuse [68].NAFLD
ranges from simple steatosis to non-alcoholic steatohepa-
titis (NASH), the latest being marked by increased inflam-
mation status [69, 70]. In the absence of validated
biomarkers of NAFLD as an alternative to liver biopsy,
metabolomics and lipidomics are foreseen promising to
deliver both a new set of minimally invasive clinical classi-
fiers, i.e. biomarkers, and metabolic mechanistic insights
into the disease aetiology and progression. Recently,
Vinaixa et al. reported the use of metabolomics for quanti-
tative profiling of liver extracts from LDLr-/- mice [71].NMR-
based metabolomics was used to investigate the
metabolic effects and implications of dietary cholesterol in
the aetiology of progression from hepatic steatosis to
NASH. Dietary cholesterol increased the hepatic concen-
trations of cholesterol, triglycerides and oleic acid but also
decreased the polyunsaturated fatty acids (PUFAs) : mo-
nounsaturated fatty acids ratio as well as the relative

amount of long chain PUFAs in the liver.Changes in hepatic
concentrations of taurine, glutathione, methionine and
carnitine were also observed. Likewise, Li et al. used a
methionine and choline deficient diet to describe meta-
bolic changes associated with different stages of NAFLD in
male C57BL/6 mice [72]. Four potential biomarkers includ-
ing serum glucose, lactate, glutamate/glutamine and
taurine were selected and used to stratify NAFLD severity.
In addition, using a parallel NAFLD animal model/human
design, Barr et al. analyzed 42 serum samples collected
from non-diabetic, morbidly obese, biopsy-proven NAFLD
patients and 17 animals belonging to the glycine
N-methyltransferase knockout (GNMT-KO) NAFLD mouse
model [73]. MS-based metabolomics revealed similarities
between the GNMT-KO and human NAFLD patients with
relevant biochemical perturbations linked to liver dysfunc-
tion through reduced concentrations of creatine and
increased concentrations of bile acids as well as
eicosanoids. Metabolomics was also employed by Kalhan
et al. [74] to provide potential metabolic steatosis markers
in biopsy confirmed NASH subjects. While steatosis and
NASH could not be distinguished, NASH metabolic signa-
ture was marked by altered concentrations of bile acids,
glutathione, lipids and amino acids. More recently, Feld-
stein et al. used a targeted isotope dilution MS targeted
technique to quantify 9- and 13-HODEs and 9- and
13-oxoODEs as circulating biomarkers of NASH [75].

It is very likely that nutritional interventions will be
increasingly developed to address metabolic misbalances
in organs like liver. A non-targeted metabolomics
approach was directed to discriminate changes in the
urinary profile of subjects with metabolic syndrome fol-
lowing consumption of mixed nuts (30 g day-1) for 12
weeks compared with gender and age-matched individu-
als given a control diet [76]. The tested diet displayed
improvement of insulin resistance and trends towards
improvement of inflammatory status associated with
metabolic syndrome. Recently, Holmes et al. used metabo-
lomics in the context of a large scale epidemiological study
to identify metabolic signatures across and within selected
human populations in relation to geography, diet-related
major risk factors and coronary heart disease/stroke rates
[77]. Here the authors have shown that urinary metabolite
excretion patterns differ between East Asian and Western
populations, Japanese individuals living in Japan or in the
USA and Chinese participants living in the northern and
southern parts of China. Interestingly, urinary excretion of
formate was shown to be inversely correlated with blood
pressure. NMR-based serum metabolomic studies had also
shown in diabetic patients particular metabolic features
associated with vascular complications and premature
death [78]. Indeed metabolomics has been applied to a
number of cardiovascular conditions providing benefits
over conventional diagnostic approaches. For example,
GC-MS metabolomic analysis of serum derived from 52
patients with chronic heart failure and 57 controls,
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provided pseudouridine and 2-oxoglutarate as valid diag-
nostics [79] of heart failure compared with the current gold
standard biomarker, brain natriuretic peptide, with areas
under the receiving operator characteristic curve of 0.96
(pseudouridine), 0.93 (2-oxoglutarate) and 0.93 (brain
natriuretic paptide).

Clinical applications for cancer diagnosis
Metabolomics is nowadays foreseen as a promising high
throughput, automated approach in addition to functional
genomics and proteomics for analyses of molecular
changes in malignant tumours [80–83]. the metabolite
profiling approach was, for instance,successfully employed
to characterize molecular changes in ovarian tumour
tissues [83]. Sixty-six invasive ovarian carcinomas and nine
borderline tumours of the ovary were analyzed by GC-MS.
A total of 51 metabolites, which encompassed glycerolipid,
pyrimidine, purine, amino acid, propanoate and free fatty
acid metabolism, were significantly different between bor-
derline tumours and carcinomas, [83]. In addition, the
potential of applying metabolomics to explore metabolic
pathway modulation specific to organ-confined disease or
metastatic disease may lead to the identification of new
early disease biomarkers. MS-based metabolomic analysis
of patients with prostate cancer based on tissue biopsies,
urine and plasma samples was able to distinguish benign
prostate, clinically localized prostate cancer and metastatic
disease [80]. Sarcosine, an N-methyl derivative of the
amino acid glycine, was identified as a differential metabo-
lite that was highly increased during prostate cancer pro-
gression to metastasis and can be detected non-invasively
in urine. Pasikant et al. displayed the potential and validity
in the staging, grading and diagnostic capabilities of
urinary metabolomics in bladder cancer tumours [84].
Here, 100% sensitivity in detecting bladder cancer was
observed using urinary metabolomics vs. 33% sensitivity
achieved by urinary cytology, the current standard for
tumour detection and monitoring of recurrence or pro-
gression of bladder cancer. Using plasma free amino acid
profiling, Miyag et al. described metabolomic applications
the diagnosis of lung, gastric, colorectal, breast, and pros-
tate cancer [85]. Cancer patients and controls could be
discriminated using multivariate analysis where significant
alterations in plasma free amino acid profiles were
observed in the disease cancer stage. Interestingly, tryp-
tophan was identified as a key amino acid associated with
cancer progression. New breast cancer diagnostic mea-
sures have also been developed by HR-MAS NMR spectros-
copy [86]. This technique provides a means to generate
metabolic profiles of intact tissues. HR-MAS MR spectro-
scopic studies on breast tissue biopsies revealed elevated
concentrations of taurine and choline-containing com-
pounds, especially phosphocholine in the cancer samples.
Moreover, metabolic profiling allowed a clinical prediction
with 69% sensitivity and 94% specificity in a validation
cohort. NMR and MS metabolic profiles were also used to

develop a specific prediction model for early detection of
recurrent breast cancer [87], displaying capabilities of
metabolomics in providing predictive biomarkers. Interest-
ingly, 55% of patients could be correctly predicted to have
recurrence 13 months before the recurrence was clinically
diagnosed. Being independent of prior assumptions,
metabolomic approaches allow the generation of hypoth-
eses on how nutritional intervention might be beneficial to
malignant cancers. NMR-based metabolomics was used to
determine the effects of a diet rich in whole grain rye prod-
ucts on the profile of metabolites in the plasma of prostate
cancer patients [88]. Seventeen patients with prostate
cancer received 485 g rye bran product or refined white
wheat product in a randomized, controlled, crossover
design during a period of 6 weeks with a 2 week washout
period. Metabolomic analysis of plasma showed an
increase in 3-hydroxybutyric acid, acetone, betaine, N,N-
dimethylglycine and dimethyl sulfone after rye bran
product. Plasma homocysteine concentration was lower (P
= 0.017) and that of leptin tended to be lower (P = 0.07)
after rye bran product intake compared with wheat
product intake.

Clinical applications for neurological and
psychiatric disorders
Diagnostic markers of clinical metabolomics can also find
applications in socio-psychological and neurodevelop-
ment disorders. Yap et al. displayed, by the use of NMR
spectroscopy, the biochemical signature of autistic indi-
viduals [89]. Urinary metabolic phenotypes of autistic indi-
viduals were marked by increased concentrations of
N-methyl-2-pyridone-5-carboxamide, N-methyl nicotinic
acid, N-methyl nicotinamide, taurine and a lower concen-
tration of glutamate. Abnormalities in gut microbiota
metabolism were also suggested through lower concen-
trationsof urinary dimethylamine, hippurate and phen-
yacetylglutamine in autistic children.

Early detection, risk assessment and therapeutic moni-
toring of Alzheimer’s disease was also studied with
metabolomics [90]. Shotgun lipidomics indicated reduc-
tions of sphingomyelin and significant increases in two
ceramide species (N16:0 and N21:0) in plasma of patients
with Alzheimer’s disease. A GC-MS based metabolomic
profiling approach was also used to detect potential bio-
markers associated with schizophrenia and risperidone
treatment [91]. Here 22 marker metabolites provided sepa-
ration of schizophrenic patients from matched healthy
controls, with citrate, palmitic acid, myoinositol and allan-
toin exhibiting the best combined classification per-
formance. Moreover, 20 markers displayed complete
separation between post-treatment and pre-treatment
patients, with myo-inositol, uric acid and tryptophan
showing the maximum combined classification
performance.

A general comprehensive metabolomics population-
based study in Finland [92] determined metabolic differ-
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ences between persons included in three main psychotic
disorders (schizophrenia,n = 45;other nonaffective psycho-
sis (ONAP), n = 57; affective psychosis, n = 37) and controls
matched by age, gender and regions. Here, global lipidom-
ics displayed that, compared with healthy controls, persons
with schizophrenia had significantly higher metabolite
concentrations of six lipid clusters containing mainly satu-
rated triglycerides. In addition, a combined GC metabolo-
mics approach revealed,in persons with schizophrenia,two
small molecule clusters containing, among other metabo-
lites, branched chain amino acids, phenylalanine and
tyrosine, proline, glutamic, lactic and pyruvic acids. Among
these, serum glutamic acid was elevated in all psychoses
(P = 0.002) compared with controls, while proline up-
regulation (P = 0.000023) was specific to schizophrenia.

Conclusion: Need for new predictive
and mechanistic biomarkers

The increase of incidence of chronic diseases raises new
challenges for global public health. Indeed, it has been
estimated that by 2020 chronic disease in developing
countries will account for almost three-quarters of all
death world-wide with 75% of death due to stroke, and

70% of death due to diabetes. In such a context, there is a
clear need to develop new predictive approaches for pre-
ventive medicine and prognostic strategies for personal-
ized therapeutic management and monitoring (Figure 1).
The advent of nutrigenomic sciences with a particular
emphasis on metabolomics opens new research avenues
for biomarker discovery.A large variety of such biomarkers,
based on a concept of a metabolic pattern or signature, are
increasingly being proposed for various diseases. In future,
the advance of analytical technologies which evolve in a
very competitive framework will enable new diagnostic
assays with improved sensitivity and specificity over the
current conventional biomarkers to be implemented in
routine laboratories. Yet, despite these potentials, direct
translation of metabolomics findings to prognostics
screening and personalized diagnostic medicine is still at
an early stage. Moreover, the clinical community is largely
unfamiliar with the field of metabolomics, including the
methodologies, technical challenges, and, most impor-
tantly, its clinical uses. In order for such to happen,advance-
ment in linking metabolite data to known and validated
clinically relevant indices will have to be seriously consid-
ered. The challenges in leveraging the potential of new
biomarkers into clinical settings could be alleviated by col-
laborations between pharmaceutical agencies, diagnostic
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Figure 1
Biomarker applications in clinical settings. Clear opportunities are identified for improve health benefits and preventive medicine
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companies, and academic institutions, with the harnessing
of skills from the different clinical, biomedical, diagnostic,
and pharmacological areas. Only then, biomarker develop-
ment and translation into diagnostics could be foreseen to
strength disease prediction in asymptomatic conditions,
stratification (degree of disease severity), and prognostics
for personalized therapeutic solutions. The development
of system biology approaches and the new generation of
biomarker patterns will provide the opportunity to associ-
ate complex metabolic regulations to the aetiology of mul-
tifactorial diseases. This will subsequently lead to the
development of system mechanistic hypotheses that
could be targeted with new nutritional concepts.
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